Our previous work suggests that 2 colors can be consolidated into visual short-term memory (VSTM) in parallel without a loss of memory precision, whereas consolidation of 2 orientations is performed in a strictly serial manner. Those experiments compared VSTM performance for simultaneously and sequentially presented stimuli. However, there is still controversy about whether the bandwidth for consolidation is determined by the type of information. To further investigate this issue, here we measured electroencephalography while participants attempted to consolidate 1, 2 or 4 simultaneously presented colors (Experiment 1) or orientations (Experiment 2) under limited presentation times. We used the contralateral delay activity (CDA) as an electrophysiological marker of the number of items that were consolidated. For colored stimuli, the CDA amplitude increased between set-size 1 and 2 but did not further increase for set size 4. By contrast, for orientation, the CDA amplitude remained at the set size 1 amplitude as set size increased to 2 or 4 items. Furthermore, in a long exposure duration (300 ms) condition that did not limit the consolidation process, the CDA amplitude pattern indicated that VSTM capacity is limited to about 3 colored items and about 2 orientation items in our paradigm. Thus, the CDA effects observed in the short presentation time was not limited by VSTM storage, but rather by consolidation. These results are consistent with our previous behavioral research and suggest that the bandwidth of VSTM consolidation is determined by the stimulus feature.
VSTM has a capacity of about 3ϳ4 items (Luck & Vogel, 1997; Pashler, 1988) . However, in recent years, researchers have begun to focus on the characteristics of this consolidation process, and have found that the capacity of this VSTM consolidation process is also limited (Jolicoeur & Dell'Acqua, 1998; Stevanovski & Jolicoeur, 2007 Vogel, Woodman, & Luck, 2006; West, Pun, Pratt, & Ferber, 2010; Zhang & Luck, 2008) . For example, in a masked change detection task, Vogel et al. (2006) found performance initially improved as the interval between a memory array and masks increased, but then reached a plateau such that additional time did not further improve memory performance. However, such findings cannot reveal whether the limits of consolidation result from a serial process, which allows consolidation of only one item at a time, or from a limited-capacity parallel process, which allows consolidation of multiple items but with limited capacity.
Huang and colleagues suggested that items are consolidated into VSTM serially, as their Boolean map theory predicts that only one feature value per perceptual dimension can be consolidated at a time (Huang, 2010; Huang, 2015; Huang, Treisman, & Pashler, 2007) . In their experiment, a change detection task was used with two simple color squares presented sequentially or simultaneously. Results showed that performance was better in the sequential than simultaneous condition, suggesting that it is difficult to consolidate two colors simultaneously . However, Mance, Becker, and Liu (2012) pointed out that there were contingencies in Huang at al.'s study that may have allowed participants to predict the location and colors of items in the sequential condition, potentially leading to superior performance in the sequential condition that was unrelated to consolidation limits. Mance et al. (2012) also presented two color squares either sequentially or simultaneously in a change detection task. Importantly, they removed the contingencies and presented the stimuli for an exposure duration estimated to be just long enough to consolidate a single item. They found no difference in performance between the sequential and simultaneous condition, although a sequential advantage was observed when set size was increased to three or four. These results suggested that the parallel consolidation of colors is possible but the capacity of this parallel consolidation process was limited to two items. In a follow-up study, Miller, Becker, and Liu (2014) used a color recall task in conjunction with model fitting to characterize the memory precision and guess rate. The results found no change in memory precision or guess rate between simultaneous and sequential presentation of two colors, suggesting that two colors could be consolidated in parallel without cost.
In another set of studies, the consolidation of orientation information was investigated by presenting two oriented gratings either sequentially or simultaneously. For these orientation stimuli, memory performance was better for sequential than simultaneous presentation, suggesting a severe capacity limit in consolidating orientation information (Becker, Miller, & Liu, 2013) . To further study the nature of the consolidation limit, Liu and Becker (2013) used a recall task in conjunction with model fitting and found that simultaneous presentation resulted an increase in guess rate with no change in memory precision, suggesting that the consolidation of orientation was a strictly serial process . They proposed that the capacity limit, or bandwidth, of VSTM consolidation depends on the stimulus feature. Orientation might require more processing resource than color, and thus whereas two colors can be consolidated in parallel, two orientations are consolidated in a strictly serial manner.
However, Rideaux et al. (2015; Rideaux & Edwards, 2016) have challenged the conclusion regarding orientation, arguing that two orientations can also be consolidated via a limited-capacity parallel mechanism. Their main support for this claim (Rideaux & Edwards, 2016 ) is their finding that simultaneous presentation of two orientations produced higher guess rates and decreased precision compared to sequential presentation. However, it is worth noting that this was true only when the location of items was predictable in the sequential condition, which may have allowed covert shifts of attention prior to stimulus presentation that artificially increased memory precision in the sequential condition. When the location of items was unpredictable (their Experiment 2), their results were consistent with Becker, Miller, and Liu's (2013) : the simultaneous presentation of two orientations produced higher guess rates but equivalent memory precision as sequential presentation. While Liu and Becker (2013) have argued that this pattern is strong evidence for a strictly serial mechanism, they suggested that their data are evidence for a parallel consolidation mechanism. Their rationale was that the guess rate for sequential presentation was not 50%. Although under an ideal condition a strictly serial mechanism should yield a 50% guess rate, we believe that there are a number of reasons why this precise 50% prediction might not hold. For instance, if the consolidation rate for the first item is very rapid in some trials, in those trials there may be adequate time to serially process the second item, thereby reducing the guess rate. In addition, it is possible that certain pairs of two simultaneously presented orientations support a strategy that allows for both orientations to be consolidated as a single stimulus; for instance, if the two orientation were about 90°apart, participants might encode a single angle of 90°, that is, they could remember the two orientations as a single spatial configuration.
In short, although we believe the simultaneous versus sequential paradigm is a powerful method for investigating consolidation into VSTM, the interpretation of results depends on the set of assumptions one makes about the task. Thus, it seems that a converging method, and particularly one that does not require comparisons across conditions with different numbers of stimuli per display, would help clarify that results are due to consolidation mechanisms rather than other strategic or low-level perceptual differences that may differ across simultaneous and sequential presentation conditions.
In the present experiments, we used an electrophysiological marker, contralateral delay activity (CDA), to probe VSTM consolidation processes. Importantly, this method does not require comparing a simultaneous to a sequential condition, thereby eliminating the interpretational issues raise above. The CDA is characterized by a negative slow wave that is larger over the contralateral than ipsilateral hemisphere to the memorized visual field (Fukuda & Vogel, 2009; Ikkai, McCollough, & Vogel, 2010; Luck & Vogel, 2013; Vogel & Machizawa, 2004; Vogel, McCollough, & Machizawa, 2005; Woodman & Vogel, 2008) . The amplitude of the CDA scales with the number of items held in memory (Drew & Vogel, 2008; Jost, Bryck, Vogel, & Mayr, 2011; Luria & Vogel, 2011 McCollough, Machizawa, & Vogel, 2007; Vogel & Machizawa, 2004; Vogel, McCollough, & Machizawa, 2005; Woodman & Vogel, 2008) but not with the resolution or complexThis document is copyrighted by the American Psychological Association or one of its allied publishers.
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ity of the items (Balaban & Luria, 2015; Ye et al., 2014) . Given that the CDA scales with the number of items held in VSTM, in the present study, we used the CDA to examine whether multiple colors (Experiment 1) or orientations (Experiment 2) can be consolidate in parallel or are consolidated in a serial manner. We asked participants to remember one, two, or four simultaneously presented items while severely limiting the consolidation time to the duration needed to consolidate a single item. We hypothesize that if the consolidation is a serial process, only a single item should be consolidated regardless of the set size of the display. Thus, there would be no difference among the CDA amplitudes for the different set sizes (Figure 1a) . However, if the items could be consolidated into VSTM in parallel, the CDA amplitude should increase with set size until the bandwidth of consolidation is exhausted (Figure 1b) . Furthermore, we also ran a condition in which consolidation time was not severely limited (300 ms exposure duration). This long exposure duration is used to measure the capacity of VSTM storage to ensure that any limits we find in the minimum time condition can be attributed to limits in the consolidation process rather than limits in storage capacity. In this condition, we would expect CDA amplitude to increase with set size until the total capacity is reached (Figure 1c ).
Experiment 1 Method
Participants. Twenty students (11 females) from Liaoning Normal University volunteered to participate in this experiment for paid compensation. They reported no history of neurological problems, and reported having normal color vision and normal or corrected-to-normal visual acuity. Signed informed consent was provided by each participant prior to participation, and all procedures were in compliance with the Code of Ethics of the World Medical Association (Declaration of Helsinki).
We based our sample size on a previous study that compared CDA produced by storing one item verses two items (Experiment 2 of Luria & Vogel, 2011) . Based on the method proposed by Thalheimer and Cook (2002) for estimating effect sizes from F statistics, we estimated that their effect size was 1.39 for that comparison. To determine our sample size we assumed that our effect size would only be 50% of their effect size (.7), and calculated the sample size required to yield a power of .85 given ␣ ϭ .05 for a paired-sample t test (Faul, Erdfelder, Lang, & Buchner, 2007) . This calculation yielded a sample size of 21.
Stimuli. In Experiment 1, the stimuli were presented with E-prime software on a 21-inch CRT monitor (800 ϫ 600 pixel, 144-Hz refresh rate). Participants were seated in an electrically shielded and sound-attenuated recording chamber at a viewing distance of 60 cm. Each memory item was a colored square with the color randomly chosen without replacement from a set of six highly discriminable colors (RGB values, red: 233, 0, 0; green: 30, 138, 18; blue: 26, 49, 178; orange: 210, 85, 7; yellow: 231, 228, 66; purple: 156, 0, 158) . The mask consisted of a 6 ϫ 6 multicolored checkerboard pattern composed of the same six colors as the stimuli; the color of each square in the mask was randomly assigned for each mask presentation. Each colored square and mask subtended 0.65°ϫ 0.65°of visual angle.
Procedure: Main task. Participants performed a color identification task with the trial structures depicted in Figure 2 . Items were presented within 4°ϫ 7.3°rectangular regions bilaterally, This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
centered 3°to the left and right of the middle of the screen. The memory array consisted of 1, 2 or 4 different colored squares which were selected at random in each hemifield with the constraint that the given color could appear no more than once in each hemifield. Stimulus positions were randomized on each trial, with the constraint that the distance between squares within a hemifield was at least 2°(center to center). Each trial started with the presentation of a fixation point ("ϩ") in the middle of the screen. Then, two arrow-cues were presented for 200 ms above and below fixation, indicating the to-be-attended side on that trial. After a variable delay which ranged from 100 to 200 ms, the memory array was presented for 300 ms or the minimum time (the duration was determined by a threshold procedure described below). A mask was then presented for 100 ms, which was followed by a retention interval (when only the fixation cross was presented) of 900 ms and then the test array. The test array remained visible for 2500 ms or until a response was made. A 1000 ms period preceded the start of the next trial. Participants were required to keep their eyes fixated at the central cross while storing the colors in the hemifield indicated by the cue. The probe array in the cued hemifield was different from the corresponding color in the memory array in 50% of trials; they were identical in the remaining trials. When a colored square changed, a new colored square that was not used in the memory array would be randomly selected from the remaining colors. The task was to indicate whether the test array was identical to the memory array, with accuracy rather than response speed being stressed.
We varied set size at 3 levels (1, 2 and 4) at two exposure durations: 300 ms versus minimum time, with all six conditions intermixed within blocks. All participants completed at least 12 trials of practice to ensure the participants understood the instructions and a total of 10 blocks of 72 trials each, resulting in 120 trials per condition.
Procedure: Thresholding exposure duration. For each participant, we determined the minimum exposure duration required to consolidate a single colored item that was presented alone in its hemifield. Prior to the main task, each participant ran four blocks (64 trials each) of this thresholding task. The method of constant stimuli was used with eight durations: 7 ms, 14 ms, 28 ms, 56 ms, 98 ms, 154 ms, 224 ms and 308 ms. In these blocks, a single color stimulus was presented and masked in a random location within each hemifield (within 4 ϫ 7.3°rectangular regions bilaterally, centered 3°to the left and right of the middle of the screen; see Figure 3 ). Participants indicated whether the test item was identical to the memory item. Proportion correct was calculated for each exposure duration and fitted with a Weibull function using psignifit (Wichmann & Hill, 2001 ). Stimulus duration that yielded an overall accuracy of 80% correct was used in the main task.
Electroencephalography recording and analyses. Electroencephalographic (EEG) data was recorded with a QuickAmp amplifier (Brain Products GmbH, Munich, Germany). EEG was recorded from 64 tin electrodes mounted in an elastic cap, using the International 10/20 system. Vertical electrooculogram (VEOG) and horizontal electrooculogram (HEOG) were recorded with two electrodes, one placed below the left eye, and another placed next to the right eye. Impedance at each electrode site was maintained below 5 k⍀. The EEG and EOG were amplified using a 100 Hz low-pass and digitized at a sampling rate of 500 Hz. The EEG was algebraically rereferenced offline to the average of the left and right mastoids during postrecording analyses and segmented into 1,000 ms epochs starting from 100 ms before the memory array onset. Trials with remaining artifacts exceeding Ϯ75 V in am- This document is copyrighted by the American Psychological Association or one of its allied publishers.
plitude were rejected. Participants with trial rejection rates that exceeded 25% were excluded from the analyses. No subject was excluded on this basis. Two pairs of electrode sites at posterior parietal (P7/P8 and PO7/ PO8) were chosen for analysis. The contralateral waveforms were computed by averaging the activity recorded at left hemisphere electrode sites when participants were cued to remember the memory array in the right hemifield, and vice versa. The CDA was usually measured by subtracting the ipsilateral activity from the contralateral activity, with a measurement window around 400 -1000 ms after the onset of the memory array (Luria & Vogel, 2011; Peterson, Gözen-man, Arciniega, & Berryhill, 2015) . In the present study, however, the memory array was followed by a mask array, which is necessary to limit the time for consolidation, but raised the potential problem that responses to the mask may overlap with the early phase of the CDA. For example, the masks could evoke a Pd component associated with termination of attention (Sawaki et al., 2012) . Given that the CDA is postulated to reflect sustained neural activity throughout the entire delay period, we averaged the CDA in a time window of 600 -1000 ms after memory array onset-a window that should be late enough to minimize the effect of the mask on the CDA. The average CDA waveforms were smoothed by applying a 10 Hz low-pass filter.
Results and Discussion
Behavioral results. The average minimum time across participants was 60 ms (range ϭ 21-147 ms, SD ϭ 32 ms). Percent correct (accuracy) for the minimum time conditions and 300 ms conditions were calculated for each participant. An ANOVA including the set size (1 vs. 2 vs. 4) and exposure duration (300 ms vs. minimum time) on accuracy yielded main effects of set size (F(2,38) . Such steady decline in behavioral accuracy at larger set sizes is expected as decision noise or interference also increases with set size (Eckstein et al., 2000; Palmer et al., 2000) . Thus, behavioral accuracy in the change detection task is not diagnostic of whether the consolidation process is parallel or serial. Indeed, such considerations prompted previous work to compare sequential and simultaneous presentation conditions at the same set size (e.g., Mance, Becker, & Liu, 2012) .
Electrophysiological results. By leveraging the properties of the CDA, we were able to directly assess how many items were This document is copyrighted by the American Psychological Association or one of its allied publishers.
consolidated simultaneously without the need to compare to a sequential condition. The grand average subtraction waveforms of CDA in the minimum time condition and 300 ms condition for each set size are shown in Figure 4b and 4c, respectively. The CDA emerged after 400 ms and persisted throughout the retention period. We used a 600 -1000 ms window (shaded area) to calculate CDA amplitude, because of potential mask-evoked ERPs (see Method). The averaged CDA amplitudes are shown in Figure 4d . An ANOVA including set size (1 vs. 2 vs. 4) and exposure duration (minimum time vs. 300 ms) on mean amplitude yielded main effect of set size, F(2,38) ϭ 17.05, p Ͻ .001, p 2 ϭ .47, but no effect for duration conditions, F(1,19) ϭ .66, p Ͼ .05. The interaction between the two factors was significant, F(2,38) ϭ 5.12, p Ͻ .05, p 2 ϭ .21. For the minimum time condition, planned comparisons revealed that there was a significant difference in amplitude between 1 and 2 colors (1 color: M ϭ Ϫ.88, SD ϭ .94; 2 colors: M ϭ Ϫ1.27, SD ϭ 1.15; t 19 ϭ 2.61, p Ͻ .05, Cohen's d ϭ .37), but no significant difference between 2 and 4 colors (2 colors: M ϭ Ϫ1.27, SD ϭ 1.15; 4 colors: M ϭ Ϫ1.42, SD ϭ 1.38; t 19 ϭ 1.11, p Ͼ .05). The finding that the CDA amplitude increased from set-size one to set-size two, suggests that two items can be consolidated into VSTM in parallel. However, the fact that there was no further increase in CDA between set-size two and four suggests that there is a limit in the number of items that can be processed in parallel. These results are consistent with our prediction (see Figure 1b) and suggest that the consolidation bandwidth is at least 2 items. These results are also consistent with previous behavioral studies (Mance, Becker, & Liu, 2012; Miller, Becker, & Liu, 2014) , which suggested that consolidating color information proceeds in a parallel manner with the bandwidth limited to two items.
For the 300 ms condition, planned comparisons revealed that there were both significant difference in amplitude between 1 and 2 colors (1 color: M ϭ Ϫ.55, SD ϭ .91; 2 colors: M ϭ Ϫ1.05, SD ϭ 1.01; t 19 ϭ 3.02, p Ͻ .01, Cohen's d ϭ .52), and between 2 and 4 colors (2 colors: M ϭ Ϫ1.05, SD ϭ 1.01; 4 colors: M ϭ Ϫ1.74, SD ϭ 1.12; t 19 ϭ 3.26, p Ͻ .01, Cohen's d ϭ .64). The fact that the CDA amplitude increased between 2 and 4 colors when we prolonged the stimulus duration to 300 ms, thereby removing the constraint on consolidation, suggests that at least three colors can be stored within VSTM. This pattern is consistent with our prediction regarding CDA amplitude when consolidation time is relaxed (see Figure 1c) .
In sum, our minimum time results support the notion of parallel consolidation of two simultaneously presented colors, but the bandwidth of consolidation prohibits more than two items from being consolidated. The 300 ms condition provides evidence that this limit is due to consolidation rather than storage capacity limitations. In Experiment 2, we extend this method to the consolidation of oriented This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
gratings to investigate whether the process of consolidating orientation information also occurs in parallel or occurs serially.
Experiment 2 Method
Participants. Twenty-two students (12 females) from Liaoning Normal University volunteered to participate in this experiment for paid compensation. They reported no history of neurological problems, reported having normal orientation vision and normal or corrected-to-normal visual acuity. Signed informed consent was provided by each participant prior to participation, and all procedures were in compliance with the Code of Ethics of the World Medical Association (Declaration of Helsinki).
Stimuli. The main apparatus was similar to that used in Experiment 1 except visual stimuli were sinusoidal gratings (contrast: 0.7, spatial frequency: 3 cycle/deg) in a circular aperture presented on a gray background. The edge of the aperture was smoothed such that no sharp change in luminance was present between the grating and the background. The mask stimulus was a circular aperture containing pixel noise, with random luminance levels in a uniform distribution. Each orientation stimuli subtended 0.9°ϫ 0.9°of visual angle and mask subtended 1°ϫ 1°of visual angle.
Procedure: Main task. The procedure and main task were similar to that used in Experiment 1 with the trial structures depicted in Figure 5 . The memory array consisted of 1, 2 or 4 different gratings which could be in one of 12 orientations: 10°, 24°, 38°, 52°, 66°, 80°, 100°, 114°, 128°, 142°, 156°, and 170°. Stimulus positions were randomized on each trial, with the constraint that no two gratings within the same hemifield had the same orientation and that the distance between gratings within a hemifield was at least 2°(center to center). When a grating changed its orientation in the probe array, a new orientation with a 90°differ-ence would be selected.
Similar to Experiment 1, we varied set size at 3 levels (1, 2 and 4) at two exposure durations: 300 ms versus minimum time, with all six conditions intermixed within blocks. All participants completed at least 12 trials of practice to ensure the participants understood the instructions and a total of 10 blocks of 72 trials each, resulting in 120 trials per condition.
Procedure: Thresholding exposure duration. The procedure of thresholding exposure duration was the same as that used in previous experiment except the stimuli were gratings (see Figure 6) .
Electroencephalography recording and analyses. The EEG recording and analysis procedures were identical to those used in Experiment 1. The time range for measuring the CDA was also 600 -1000 ms after memory array onset, to avoid contamination of mask-evoked ERPs. Participants with trial rejection rates that exceeded 25% were excluded from the analyses; this led to the exclusion of two participants.
Results and Discussion
Behavioral results. The average minimum time across participants was 57 ms (range ϭ 7-119 ms, SD ϭ 33 ms). An ANOVA including set size (1 vs. 2 vs. 4) and exposure duration (300 ms vs. minimum time) on accuracy yielded main effects of set size, F (2, 38) (Figure 7a ). Post hoc analysis revealed that there were both significant difference between 1 and 2 orientations (1 orientation: M ϭ .84, SD ϭ .08; 2 orientations: M ϭ .69, SD ϭ .08; t 19 ϭ 11.92, p Ͻ .001, Cohen's d ϭ 1.88), and between 2 and 4 Figure 5 . Experimental procedure used in the main task in Experiment 2. This document is copyrighted by the American Psychological Association or one of its allied publishers.
orientations (2 orientations: M ϭ .69, SD ϭ .08; 4 orientations: M ϭ .56, SD ϭ .04; t 19 ϭ 7.93, p Ͻ .001, Cohen's d ϭ 2.01) in minimum time condition. Similarly, those differences were also significant in the 300 ms condition (1 orientation: M ϭ .95, SD ϭ .03; 2 orientations: M ϭ .85, SD ϭ .09; 4 orientations: M ϭ .62, SD ϭ .05; 1 vs. 2 orientations: t 19 ϭ 6.13, p Ͻ .001, Cohen's d ϭ 1.50; 2 vs. 4 orientations: t 19 ϭ 17.86, p Ͻ .001, Cohen's d ϭ 3.32). Similar to Experiment 1, behavioral accuracy also showed a steady decline as set size increased. Again, such decline is expected given associated increase in decision noise or interference when the set size increased and thus cannot reveal the nature of the performance limit. Electrophysiological results. The CDA emerged at 400 ms and persisted throughout the retention period. The grand average subtraction waveforms of CDA in the minimum time and 300 ms conditions for each set size are shown in Figure 7b and 7c, respectively. An ANOVA including set size (1 vs. 2 vs. 4) and exposure duration (minimum time vs. 300 ms) on mean amplitude yielded main effect of set size, F(2,38) ϭ 5.18, p ϭ .01, p 2 ϭ .21, but no effect for exposure duration, F(1,19) ϭ .057, p Ͼ .05. The interaction between the two factors was also significant, F(2,38) ϭ 5.08, p Ͻ .05, p 2 ϭ .21 (Figure 7d ). For the minimum time condition, planned comparisons revealed that there were no significant difference in amplitude between 1 and 2 orientations (1 orientation: M ϭ Ϫ.75, SD ϭ .89; 2 orientations: M ϭ Ϫ.70, SD ϭ .82; t 19 ϭ Ϫ.37, p Ͼ .05) and between 2 and 4 orientations (2 orientations: M ϭ Ϫ.70, SD ϭ .82; 4 orientations: M ϭ Ϫ.87, SD ϭ .73; t 19 ϭ 1.16, p Ͼ .05). The fact that the CDA magnitude is constant across the three set size conditions, suggests that only one orientation was consolidated into VSTM in the minimum consolidation time regardless of the set size. This pattern is precisely the prediction of a strictly serial process (see Figure 1a ) and is consistent with previous behavioral studies (Becker, Miller, & Liu, 2013; Miller, Becker, & Liu, 2014) suggesting serial consolidation of orientation information.
For the 300 ms condition, there was a significant difference in amplitude between 1 and 2 orientations (1 orientation: M ϭ Ϫ.39, SD ϭ .78; 2 orientations: M ϭ Ϫ1.00, SD ϭ .82; t 19 ϭ 3.36, p Ͻ .01, Cohen's d ϭ .76), but no significant difference between 2 and 4 orientation (2 orientations: M ϭ Ϫ1.00, SD ϭ .82; 4 orientations: M ϭ Ϫ1.00, SD ϭ .72; t 19 ϭ .03, p Ͼ .05). This pattern of results suggests that the storage limit for oriented stimuli, although greater than one item, was limited to about two items. Importantly, these results show that when consolidation time was not severely limited people could consolidate more than one item in VSTM, suggesting that the one-item limit we found in the minimum time condition can be ascribed to consolidation rather than storage limitations.
In sum, the minimum time condition suggests that only a single orientation can be consolidated at a time, the hallmark of a strictly serial process. This result is therefore consistent with earlier work suggesting strictly serial consolidation of orientation information (Becker, Miller, & Liu, 2013; . Finally, the 300 ms condition provided a control which allowed us to demon- This document is copyrighted by the American Psychological Association or one of its allied publishers.
strate that once the limit on consolidation time was removed, people could consolidate and store more than one item in VSTM.
Comparison of CDA Between Experiments 1 and 2
The CDA results within each experiment conform very well to our predictions, with color showing evidence for parallel consolidation and orientation showing evidence for serial consolidation. To further support the observed difference between features we explicitly compared across the color and orientation experiments. Here we focus on the minimum time condition, because it provided the critical results for testing the consolidation bandwidth. Using data for the minimum time condition from both experiments, we conducted a mixed-factorial ANOVA, with feature (color vs. orientation) as a between-subjects factor and set size (1 vs. 2 vs. 4) as a within-subject factor. We found a main effect of set size, F(2,76) ϭ 5.14, p Ͻ .01, p 2 ϭ .12, but nonsignificant effect of feature, F(1,38) ϭ 2.02, p Ͼ .05. The interaction between set size and feature was marginally significant, F(2,76) ϭ 2.80, p ϭ .067, p 2 ϭ .07. This marginal interaction is consistent with different CDA profiles for color and orientation established by our withinexperiment analyses. Although the interaction did not reach conventional statistical threshold of .05, we note that this is a betweensubjects comparison, which likely increased variability thereby reducing statistical power. In addition, the analysis included the set size four data, which are not the most diagnostic for distinguishing between parallel and serial consolidation, and could have added additional variability that reduced the power to detect the interaction. To further assess the reliability of this effect, we ran a post hoc mixed-factorial ANOVA that included only data from set sizes 1 and 2, as these two set-sizes should be the most informative in revealing a different CDA profile (see Figure 1 ). This analysis revealed a marginally significant main effect for set size, F(1,38) ϭ 3.21, p ϭ .08, p 2 ϭ .08, and a nonsignificant effect for feature, F(1,38) ϭ 1.50, p Ͼ .05. Importantly, the interaction between set size and feature was significant, F(1,38) ϭ 5.10, p Ͻ .05, p 2 ϭ .12. These results thus show that even in a betweensubjects analysis, there is credible statistical evidence that the CDA amplitude varied differently across set sizes for color and orientation, hence consistent with our within-experiment results.
General Discussion
In the current study, we measured the behavioral accuracy and CDA amplitudes in a masked change detection task to examine the bandwidth of VSTM consolidation. The CDA provides an electrophysiological index of VSTM consolidation that helps resolve the controversy about whether the bandwidth of consolidation depends on the type of information. Specifically, whereas our previous behavioral work has indicated that the consolidation of This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
color information is a parallel process and the consolidation of orientation information is a serial process, work by others (Rideaux et al., 2015; Rideaux & Edwards, 2016) has suggested that consolidation is always a parallel process. The 300 ms exposure condition in both experiments provided a baseline measure of VSTM storage capacity under the current experimental settings. In Experiment 1 with color stimuli, the CDA amplitude increased monotonically as the set size increased from set-size one to two and to four. However, in Experiment 2 with orientation stimuli, the CDA amplitude increased from set size one to two but showed no further increase from set size two to four. Previous research has established that the CDA amplitude reflects the number of items held in the memory and it would increase with set size and reach an asymptotic level when the set size reaches the storage capacity (Drew & Vogel, 2008; Ikkai, McCollough, & Vogel, 2010; Jost et al., 2011; Luck & Vogel, 2013; Luria & Vogel, 2011 McCollough, Machizawa, & Vogel, 2007; Vogel & Machizawa, 2004; Vogel, McCollough, & Machizawa, 2005; Woodman & Vogel, 2008) . Given the property of CDA and our results in the 300 ms condition, we can infer that VSTM capacity for color is at least three items and its capacity for orientation is at least two items in our experiments. These measurements regarding the VSTM capacity are necessary to ensure the observed limit in consolidation is not due to limits in the storage capacity.
To assess the consolidation bandwidth, we presented the memory array for the minimum time needed to consolidate a single item and varied the set size. In Experiment 1, we found that the CDA amplitude was significantly larger for two colors than one color, but there was no significant difference between two colors and four colors. This suggests that two colors can be consolidated simultaneously but four colors cannot. In Experiment 2, we observed very different results such that the CDA amplitude for all set sizes was equivalent. This result suggests that at minimum time, only one orientation can be consolidated into VSTM. Importantly, these estimates of consolidation bandwidth are lower than the corresponding estimates of the storage capacity, allowing us to attribute the CDA-set size function to limits in consolidation.
The ERP results in the minimum time conditions thus dovetails nicely with previous studies using purely behavioral measures (Becker, Miller, & Liu, 2013; Mance, Becker, & Liu, 2012; Miller, Becker, & Liu, 2014) . Both sets of results support the conclusion that consolidating color information is a parallel process with the bandwidth limited to two items, however, consolidating orientation information is strictly serial. Miller, Becker, and Liu (2014) explained this difference by hypothesizing that encoding color requires less information than encoding orientation. For example, processing any area on a uniform color patch will suffice to encode its color, whereas encoding the orientation of a grating requires processing of an extended region. This different encoding requirement could lead to a larger bandwidth for color than orientation. The current CDA results further support this notion by providing an electrophysiological correlate of the consolidation bandwidth. However, the precise neural mechanisms for consolidation is unknown. We speculate the difference in consolidation bandwidth for color and orientation is due to differences in the ability to represent multiple features with neural population codes. Further research is necessary to elucidate the neural basis of consolidation bandwidth.
Given our hypothesis that color requires less consolidation resource than orientation, one might expect the a shorter minimum duration thresholds for color than orientation. However, we observed largely similar threshold durations in Experiments 1 and 2. We note that this is not necessarily unexpected, because consolidation could take the same finite amount of time regardless of how much of its bandwidth is consumed. If, however, the number of items exceeds the bandwidth, the consolidation process would need to be completed multiple times. The minimum threshold duration prevents the consolidation process from completing for multiple times, thereby allowing us to measure the number of items that can be accommodated by the bandwidth for different features. The key point is that thresholding procedure only limits the number of iterations that the consolidation process can complete, and therefore is orthogonal to the bandwidth of a single iteration.
Regarding prior results suggesting that orientation information can be consolidated in parallel (Rideaux et al., 2015; Rideaux & Edwards, 2016) , in the Introduction we discussed possible confounds and alternative explanations that may have been responsible for those results. The present CDA results cast further doubts on the notion that all features are consolidated in parallel as we found differences in CDA patterns between color and orientation: whereas the color pattern is consistent with parallel consolidation, the orientation pattern is consistent with serial consolidation. Thus the present results provide converging evidence for our original explanation, using a method that does not rely on a simultaneous/ sequential comparison, but relies on a completely independent measure of the contents of VSTM-the CDA. Even so, it is worth noting that Rideaux et al. provide behavioral evidence that motion direction can be consolidated in parallel. Motion direction is a feature we have not examined, and it is quite possible that motion direction may be consolidated via a parallel mechanism. Thus, it would be interesting to examine consolidation limits of motion direction in future studies using electrophysiological measures. We conclude from the present findings that the bandwidth for consolidation is determined by the stimulus feature.
